Abstract
INTRODUCTION
Acute ischemic stroke (AIS) is the primary cause of permanent disability in elderly people. The characteristics of AIS are high incidence, high disability rate, and high recurrence rate [1] [2] [3] . It is the second leading cause of death after cardiovascular disease [4, 5] . It is of great clinical significance to predict AIS in an early stage in order to take action to prevent or minimize its harm to patients [6] [7] [8] . Transient ischemic attack (TIA) is a high-risk factor for AIS. It needs to be actively treated to stabilize the disease and prevent the occurrence of AIS. Carotid atherosclerosis is known to be the most important cause of TIA, and the degree of atherosclerosis and microthrombus caused by unstable plaque rupture are closely related to the occurrence of TIA [9] [10] [11] . To date, systematic studies have been carried out on clinical, biochemical, and ultrasonic indicators related to carotid atherosclerosis to predict the occurrence of TIA, even AIS [12] [13] [14] . However, due to individual factors and the influence of different environments, the occurrence of TIA is still not accurately predicted in clinical practice, and its prediction accuracy needs to be further improved. With advances in ultrasound technology, recent studies have reported that wall shear stress (WSS) in blood vessel walls is one of the important factors affecting atherosclerosis [15] [16] [17] . WSS is the tangential friction of blood flowing on the surface of blood vessel walls acting on arterial endothelial cells [18] . Studies have revealed that a decrease in WSS can increase the intima-medium thickness of the carotid artery and induces carotid atherosclerosis. An increase in WSS on the surface of plaque can cause plaque rupture and induce TIA [19, 20] . Based on these studies, the present study performed a 4-year follow-up and recorded clinical, biochemical, and ultrasound indicators of the carotid atherosclerotic plaque and the WSS of plaque surface. The aim of this study was to investigate the improving effect of combining WSS with conventional predictive indicators in TIA prediction.
MATERIALS AND METHODS

Subjects
From December 2013 to December 2018, 250 patients with atherosclerosis who underwent carotid ultrasonography at Naval Military Medical University Affiliated Gongli Hospital were recruited. The inclusion criteria were as follows: (1) Plaqueinduced area stenosis ≥ 30%; (2) Age > 18 years; and (3) No TIA history. Patients with a hemodynamically altered disease were excluded. The age, gender, family history, comorbidities (hypertension, diabetes, and hypercholesterolemia), smoking, and alcohol abuse in all patients were recorded. All subjects provided informed consent for this study. This study was approved by the Ethics Committee of Naval Military Medical University Affiliated Gongli Hospital and registered at the China Clinical Trial Registration Center (ChiCTR-OON-14005359).
Instruments and methods
Ultrasound examination: Patients were examined using a PHILIPS iu22 ultrasound system with an L9-3 line array probe. The patient was placed in a supine position to fully expose the neck during the examination. After the carotid plaque was detected, the plaque location (internal carotid artery, common carotid artery, or carotid sinus) was recorded. The plaque property (hard plaque, soft plaque, or mixed plaque) was determined according to the echo. The thickness of the plaque protruding into the lumen and the degree of carotid lumen stenosis were calculated. Doppler was turned on to observe the blood flow at the plaque surface, and peak systolic velocity (PSV) and end diastolic velocity (EDV) (cm/s) were recorded. The blood flow dynamic map was saved for post-processing analysis.
Analysis of the WSS distribution at carotid plaque:
The Doppler blood flow dynamic maps were analyzed offline by two experienced sonographers using the shear stress quantitative analysis software (Software copyright registration: No. 2011SR089671). The WSS distribution of the proximal and distal ends of the plaque shoulder (the junction of the plaque and the normal carotid endothelium) was drawn, and the mean WSS values at this area were recorded. The shear stress quantitative analysis software can automatically generate the two-dimensional and threedimensional WSS spatial distribution maps at the surface of the carotid plaque, and automatically calculate mean WSS value. The software represents the WSS value in color brightness. The brighter the color, the higher the WSS. The X and Y coordinates of the three-dimensional WSS spatial distribution map are in pixels, and the Z coordinate is in units of dyne/cm 2 . The X axis represents the length of the blood vessel, the Y axis represents the diameter of the blood vessel, and the Z axis represents the value of the WSS. The WSS is displayed in the form of amplitude on the threedimensional WSS spatial distribution map (Figure 1 ) [21] .
Laboratory examination:
Fasting venous blood samples were taken 12 h after fasting, and direct bilirubin, total bilirubin, uric acid, fasting blood glucose (FBG), homocysteine (Hcy), blood lipids (including total cholesterol, triglyceride, high density lipoprotein cholesterol, and low density lipoprotein cholesterol) were determined using an automatic biochemical analyzer.
Follow-up
All patients enrolled in the study were followed for 4 years and an ultrasound examination was performed every 3 mo. TIA was defined as the endpoint event during patient follow-up. A patient's refusal to examination or a midway withdrawal was defined as loss to follow-up. Based on the follow-up results, patients with endpoint events were included in a TIA group, and the remaining patients were included in a control group. The clinical data, laboratory indicators, and ultrasound characteristics of the two groups were analyzed.
Statistical methods
Analyses were performed using Statistical Product and Service Solutions (SPSS 19.0) software. Measurement data are expressed as the mean ± standard deviation, and comparisons were performed using an independent sample t-test. Count data are expressed in cases (percentages), and the chi-square test and Fisher's exact probability method were used for comparison. Repeated tests were performed on WSS calculated by two sonographers using Bland-Altman analysis and intraclass correlation coefficient (ICC). An ICC > 0.75 indicates good repeatability, 0.4 < ICC ≤ 0.75 indicates repetitiveness, and ICC ≤ 0.4 indicates poor repeatability. Survival curves were plotted by the Kaplan-Meier method. The independent influencing factors that have a significant impact on the occurrence of AIS were analyzed using multivariate COX regression. Receiver operating characteristic (ROC) curves were established to evaluate the accuracy of potential indicators for predicting TIA. Logistic regression model was used to establish combined prediction, and the accuracy of combined predictive indicators for TIA was explored. The difference was considered statistically significant at P < 0.05.
RESULTS
WSS distribution at the plaque displayed with the shear stress quantitative analysis software
The shear stress quantitative analysis software successfully analyzed the WSS distribution at the proximal and distal ends of the carotid plaque shoulder in all patients with atherosclerosis. Typical images are shown in Figure 2 . Figure 2A is a Doppler blood flow map of the internal carotid artery plaque, in which the blood flow near the carotid plaque can be visually observed. Figure 2B is a WSS distribution map at the carotid plaque, in which the WSS distribution at different locations near the carotid plaque can be visually observed. It could be found that the WSS color of the proximal end of the plaque shoulder was bright, and the color of the distal end was dim, suggesting that the WSS at the proximal end was higher than that of the distal end. Figure 2C is a three-dimensional WSS spatial distribution map. It can be found that the value of the Z-axis at the proximal end was significantly higher than that of the distal end, suggesting that the WSS at the proximal end of the shoulder was higher than that of the distal end.
WSS consistency analysis
In order to evaluate the error of two sonographers in detecting WSS, this study utilized the Bland-Altman method to test the consistency of WSS at the proximal and distal ends of the plaque shoulder. The consistency analysis of WSS by two sonographers found that the mean difference between the WSS observers of the proximal end plaque shoulder was 0 dyne/cm 2 , and the 95% consistency range was between -1.1 and 1.2. The ICC result was 0.976, which indicated that the agreement was excellent ( Figure 3A ). The mean difference between the WSS observers of the distal end plaque shoulder was 0.01 dyne/cm 2 , and the 95% consistency range was between -0.41 and 0.38. The ICC result was 0.993, which indicated that the agreement was excellent ( Figure 3B ).
Patient follow-up results
At the end of follow-up, 16 patients were lost to follow-up. Totally 204 patients did not develop TIA (control group) at the end of follow-up, and 30 patients developed TIA (TIA group). The Kaplan-Meier survival curve showed that the number of TIA cases increased over time, and the incidence of TIA was 15.2% ( Figure 4 ).
Comparison of clinical data and laboratory indicators between the TIA group and control group
The blood pressure, diabetes, Hcy, and FBG in the TIA group were significantly higher than those in the control group (P < 0.05). The remaining clinical data and laboratory indicators between the two groups were similar (P > 0.05) ( Table 1) .
Comparison of ultrasound characteristics and WSS data between the TIA group and control group
The soft plaque ratio, stenosis rate, proximal end WSS, and distal end WSS were significantly higher in the observation group than in the control group (P < 0.05). The data of plaque location, PSV, and EDV were similar between the two groups (P > 0.05) ( Table 2) .
COX multivariate analysis of TIA during follow-up of patients with atherosclerosis
Multivariate COX regression analysis was further performed to compare the differences between the TIA group and the control group. The results showed that the effect of distal end WSS on TIA was not significant (P > 0.05). Hypertension (P = 0.037), diabetes (P = 0.026), Hcy (P = 0.022), FBG (P = 0.034), plaque properties (P = 0.000), lumen stenosis rate (P = 0.000), and proximal end WSS (P = 0.000) were independent factors affecting TIA during patient follow-up (Table 3) .
ROC curve analysis of potential indicators predicting TIA
ROC curve analysis was performed to further assess the value of FBG, Hcy, lumen stenosis rate, and proximal end WSS in predicting TIA. The accuracy of each indicator for predicting TIA individually was not high (area under the curve [AUC] < 0.9). The prediction accuracy of proximal end WSS was the highest, with an AUC of 0.884 and a specificity of 95.51%, but the sensitivity was low (73.33%). The AUCs of lumen stenosis rate, Hcy, and FBG were significantly lower than that of proximal end WSS (P < 0.05) ( Table 4 and Figure 5 ). the difference was statistically significant (z = 2.177, P = 0.030). The sensitivity and specificity of the combined indicator with WSS were 86.67% and 92.16%, respectively ( Figure 6 ).
DISCUSSION
AIS is an important cause of disability and death in humans. Although the prognosis of AIS has been greatly improved with the development of diagnosis and treatment techniques, the course of most patients cannot be reversed. Therefore, early prediction of high-risk people and early intervention is the best way to reduce the incidence of AIS. TIA is known to be one of the important risk factors for AIS. Studies have reported that the probability of stroke at 2, 7, 30, and 90 d after TIA was 3.5%, 5.2%, 8.0%, and 9.2%, respectively. If treated promptly, the risk of stroke at 90 d after TIA can be reduced to 1% to 3% [22] [23] [24] . Therefore, early diagnosis and individualized treatment of TIA patients are necessary to prevent the occurrence of AIS. TIA can be predicted clinically by biochemical indicators related to carotid atherosclerosis, such as blood pressure, FBG, Hcy, and ultrasound imaging indicators such as plaque properties and lumen stenosis rate. However, because different patients are affected by their individual factors and external environment, the prediction accuracy of these indicators is not satisfactory, hence the occurrence of TIA cannot be accurately predicted. There are still a large number of TIA patients in clinical practice. Therefore, in order to improve the accuracy of prediction, we need more targeted indicators to predict the development of TIA.
WSS is defined as the tangential friction of blood flowing on the surface of blood vessel walls acting on arterial endothelial cells. In the research of Corban et al [25] , decreased WSS promoted the increase of carotid intima-media thickness and induced carotid atherosclerosis. Besides, increased WSS on the plaque surface was more prone to plaque rupture and could be a useful tool for the risk assessment of carotid plaque rupture, which was reported by Hung et al [26] . After plaque rupture, the ulcer is likely to form a microthrombus. Microthrombus can cause cerebral artery occlusion if it flows to the distal blood vessel, triggering TIA and even AIS. Therefore, the higher the WSS of the carotid plaque, the more likely it is to cause TIA. At present, researchers use ultrasound to detect blood vessel inner diameter and blood flow velocity, and calculate WSS according to Hagen-Poiseuille formula. But it is a simplified formula based on ideal state fluid, and is not suitable for the complex WSS calculation at carotid plaque.
The shear stress quantitative analysis software used in this study can quantitatively observe the distribution of WSS near the carotid plaque. The WSS distribution at the carotid plaque showed that the WSS color of the proximal end of the plaque shoulder was bright, and the color of the distal end of the plaque shoulder was dim, suggesting that the WSS of the proximal end of the plaque shoulder was higher than that of the distal end. From the three-dimensional WSS spatial distribution map, it could be observed that the value of the Z-axis of the proximal end of the plaque shoulder was significantly higher than that of the distal end, suggesting that the WSS of the proximal end of the plaque shoulder was higher than that of the distal end. Furthermore, according to the consistency analysis, the detection using our software was very consistent with different observers. Data acquisition was very stable, and could be widely used clinically. To study the indicators that can improve the accuracy of predicting TIA, this study conducted a 4-year follow-up survey of 250 patients with carotid plaque but did not develop TIA. The results showed that the number of TIA cases increased gradually over time, and the incidence of TIA was 15.2%, which is in line with the research by Borné et al [27] . Although in this study, patients with carotid plaque received routine treatment interventions according to clinical guidelines, the data revealed that there was still a certain incidence of TIA, which confirmed the importance of early prediction and early intervention for TIA.
The incidence of TIA is affected by multiple factors, such as hypertension, diabetes, hyperlipidemia, and smoking. It is still uncertain how different risk factors affect the incidence of TIA [28] . By comparing the TIA group with the control group, a total of eight factors were significantly associated with TIA, including hypertension, diabetes, Hcy, FBG, soft plaque ratio, lumen stenosis rate, proximal end WSS, and distal end WSS. After COX multivariate analysis, hypertension, diabetes, Hcy, FBG, plaque property, lumen stenosis rate, and proximal end WSS were found to be independent factors influencing TIA during follow-up. Hypertension, diabetes, and Hcy are all clinically common risk factors. Hypertension easily stimulates plaque on the intima of the cerebral arteries to cause rupture [29] . The pathogenesis of TIA caused by diabetes is related to saccharification and peroxidation, vascular endothelial cell damage, platelet aggregation, and insulin resistance [30] . The mechanism of high Hcy-induced TIA involves three aspects including blood vessel wall, platelets, and coagulation factors [31] . However, the data of this study suggested that the effects of hypertension, diabetes, and Hcy on TIA were lower than those of other indicators. This may be related to the fact that they are indicators of systemic status, which are less targeted and were controlled with antihypertensive drugs and hypoglycemic agents.
Compared with hypertension, diabetes, and Hcy, indicators that directly describe plaque morphology and stability, such as plaque property, lumen stenosis rate, and proximal end WSS, had a greater impact on TIA. Because the larger the plaque volume, the higher the lumen stenosis, and the greater the likelihood that the vascular occlusion will cause TIA. The soft plaque is very unstable, which is easy to rupture so that platelets activate and adhere to form a thrombus. As the most important indicator of this study, the impact of WSS on TIA is very obvious, and the proximal end WSS of the plaque shoulder is more important than the distal end WSS. This is because the proximal end WSS of the plaque shoulder is significantly higher than the distal end WSS [32] , while high WSS is more likely to cause plaque rupture. Hence, the proximal end of the plaque shoulder is more likely to rupture and trigger TIA.
In this study, ROC curves were used to further analyze the value of FBG, Hcy, lumen stenosis rate, and proximal end WSS for predicting TIA. The results showed that the accuracy of each indicator was not high (each AUC < 0.9). Of them, the prediction accuracy of proximal end WSS was the highest, and its AUC reached 0.884. This finding suggested that it is difficult to accurately predict TIA based on a single indicator. Therefore, the traditional risk factors such as hypertension and diabetes are not accurate, and they can only predict that TIA is more likely to occur. Subsequently, we performed a prediction by combining hypertension, diabetes, Hcy, blood glucose, plaque property, lumen stenosis rate, and proximal end WSS based on a logistic regression model, and then compared the accuracy between the combined prediction with proximal end WSS and the combined prediction without proximal end WSS. It revealed that when proximal end WSS was not included, the AUC of the combined indicator was higher compared with the individual indicators, but it still did not exceed 0.9. It indicated that the combination without proximal end WSS was still limited although the accuracy was higher than the individual indicators. However, the AUC of the combined prediction with proximal end WSS exceeded 0.9, and the sensitivity and specificity were satisfactory compared to the combined prediction without proximal end WSS. Therefore, we believe that WSS as an indicator of the blood flow environment near the plaque has an important role in predicting TIA, and the prediction accuracy of TIA will be significantly improved if including WSS. There are certain deficiencies in this study. Patients with large plaques and high stenosis may be treated aggressively, and some patients with hypertension and hyperglycemia may take medicine for a long time. Therefore, the effects of various risk factors on patients are inevitably different. Further studies are suggested to perform on experimental animals. Animal experiments are more controllable, which can reduce unnecessary external environmental interference and improve the experimental accuracy.
In conclusion, WSS at the surface of carotid plaque can be used as an excellent indicator for predicting TIA. It is safe, non-invasive, and accurate. And the traditional indicators combined with WSS can significantly improve the prediction accuracy for TIA, which has great clinical significance for the early diagnosis of TIA. 
ARTICLE HIGHLIGHTS
Research background
Transient ischemic attack (TIA) is a common cause of acute ischemic stroke (AIS), and its early prediction is of great clinical significance for the prevention of AIS. Carotid atherosclerosis is known to be the most important cause of TIA. So far, some biochemical indexes related to carotid atherosclerosis, such as blood pressure, blood glucose, and Hcy and ultrasound imaging indicators including plaque property and lumen stenosis rate are the risk factors for TIA. However, the accuracy of their predictions of TIA is limited.
Research motivation
Wall shear stress (WSS) is defined as the tangential friction of blood flowing on the surface of blood vessel walls acting on arterial endothelial cells. Recent studies have found that increased WSS on the plaque surface is more prone to plaque rupture. After plaque rupture, the ulcer is likely to form a microthrombus, which may block distal blood vessels and cause TIA. Therefore, the higher the WSS of carotid plaques, the more likely it is to cause TIA. However, it is uncertain whether WSS can improve the accuracy of predicting the occurrence of TIA.
Research objectives
In this study, we analyzed the routine indicators and WSS data of patients with atherosclerosis. The aim of our study was to investigate the improving effect of combining WSS with conventional predictive indicators in TIA prediction.
Research methods
A total of 250 patients with atherosclerosis were recruited. The laboratory indexes and imaging indexes of the patients were measured and recorded. The WSS distribution maps of the proximal and distal ends of the plaque shoulder were drawn using the shear stress quantitative analysis software, and the average values of WSS were recorded. The patients were followed for 4 years, and patients with TIA were included in a TIA group and the remaining patients were included in a control group. ROC curves were used to assess the accuracy of potential indicators in predicting TIA, and Logistic regression model was used to establish a combined prediction and explore its accuracy for predicting TIA.
Research results
The WSS between the proximal and distal ends of the plaque shoulder indicated an excellent agreement (ICC = 0.976 and 0.993, respectively). Besides, the WSS at the proximal end of the shoulder was significantly higher than that of the distal end (P < 0.05). According to the results of follow-up, patients with atherosclerosis were divided into a TIA group (n = 30) and a control group (n = 204). After COX multivariate analysis, hypertension, diabetes, homocysteine (Hcy), FBG, plaque property, lumen stenosis rate, and proximal end WSS were found to be independent factors influencing TIA during follow-up (P < 0.05). Among them, the proximal end WSS had the highest accuracy in predicting TIA, but its AUC was still less than 0.9. The Logistic regression results showed that the accuracy of the combination with WSS (AUC = 0.944) was significantly higher than that of the combination without WSS (AUC = 0.856) in predicting TIA (z = 2.177, P = 0.030). It is suggested that the traditional indexes combined with WSS can significantly improve the accuracy of TIA prediction.
Research conclusions
WSS plays an important role in predicting TIA. WSS at plaque surface combined with hypertension, diabetes, Hcy, blood glucose, plaque properties, and stenosis rate can significantly improve the accuracy of TIA prediction.
Research perspectives
In order to avoid the interference caused by the differences of individual and environmental factors among different patients, an animal experiment should be performed to explore if WSS can improve the accuracy of TIA prediction. Animal experiments are more controllable, which can reduce unnecessary external environmental interference and improve the accuracy. Therefore, the effect of the combination of the conventional prediction indexes and WSS in predicting TIA is expected to be further revealed by animal experiments.
